Mycobacterium ulcerans is a slow-growing environmental bacterium that causes a severe skin disease known as Buruli ulcer. PCR has become a reliable and rapid method for the diagnosis of M. ulcerans infection in humans and has been used for the detection of M. ulcerans in the environment. This paper describes the development of a TaqMan 
Buruli ulcer (BU) is a skin disease caused by infection with
Mycobacterium ulcerans, a slow-growing environmental mycobacterium (11) . The disease has been reported in over 30 countries worldwide (9) , predominantly in riverine areas with tropical and subtropical climates but also in temperate climates, such as southern Australia (10, 30) . Infection with M. ulcerans can lead to extensive destruction of skin and soft tissue with the formation of large ulcers. The characteristic necrosis and ulceration is induced by an unusual diffusible cytotoxic macrocyclic polyketide called mycolactone, which is produced by M. ulcerans. Mycolactone is the product of three large multienzyme complexes called polyketide synthases that are encoded by the genes mlsA1 (51 kb), mlsA2 (7 kb), and mlsB (42 kb). These genes are located on the M. ulcerans virulence plasmid known as pMUM001 (25, 29) .
Although not generally a fatal condition, BU lesions can become extensive and heal by scarring. When diagnosis and treatment are delayed, sufferers are frequently left with longterm physical and cosmetic disabilities. In areas of endemicity, the combination of a suspicious skin lesion and a smear positive for acid-fast bacilli is highly suggestive of BU and can be definitively diagnosed by culture. However, due to the very slow growth of the organism, culture confirmation may take 8 to 12 weeks and treatment needs to be initiated much sooner than this to ensure an optimal outcome for the patient. The use of PCR for diagnosis of BU has been a major step forward, particularly in Australia where we have access to molecular diagnostics and where BU is increasingly common. The most commonly used target sequence for PCR is IS2404, a multicopy insertion sequence that encodes a 328-amino-acid transposase (26) . Provided that diagnostic PCR is performed in a laboratory with high standards to avoid false positives, it is a reliable and rapid method for laboratory confirmation of disease caused by M. ulcerans (15) .
Despite strong epidemiological evidence linking the source of M. ulcerans to swamps and slow-flowing water (16) , the precise mode of transmission has yet to be elucidated. Understanding the ecology of M. ulcerans has been severely hampered by the extreme difficulty of culturing the organism directly from the environment (13, 16, 22, 24) . This difficulty may be due partly to contamination by less fastidious mycobacteria that outgrow M. ulcerans. IS2404 PCR performed on DNA extracted from environmental samples has proved a major advance since its first use in the mid-1990s (22) . The bacterium has now been detected in water and detritus (22, 24) , aquatic insects (17) and plants (13) , snails (12) , and small fish (5) . However, while IS2404 PCR is highly specific and sensitive for testing diagnostic specimens from humans, its application to the analysis of environmental samples is less straightforward due to PCR inhibitors and the existence of other environmen-tal mycobacteria that may carry IS2404 (14, (18) (19) (20) 32) . Approaches for increasing confidence in the interpretation of PCRpositive tests for environmental samples and for overcoming the issues surrounding primer specificity are the use of an internal probe, such as in the TaqMan assay, to confirm the identity of a PCR product and to use two or more DNA targets.
In the Australian state of Victoria, there has been a significant recent increase in the incidence of BU (also known locally as Bairnsdale ulcer) (8) . With increasing numbers of clinical specimens, we sought to develop a real-time PCR method based on IS2404 to improve the turnaround time for diagnosis of M. ulcerans infection. We also wanted to develop additional real-time PCR assays targeting different regions in the M. ulcerans genome that could be used as confirmatory assays for the analysis of environmental samples. This paper describes the development of two multiplex real-time PCR assays targeting three distinct repeated sequences in the M. ulcerans genome: IS2404, IS2606 (26) , and a sequence encoding the ketoreductase B domain (KR), present in 15 copies within the mycolactone polyketide synthase genes mlsA1, mlsA2, and mlsB (25) . These assays have facilitated the rapid diagnosis of M. ulcerans disease in clinical specimens and the analysis of environmental samples in less time and with greater confidence than conventional PCR.
MATERIALS AND METHODS
Mycobacterial strains. Mycobacterial isolates used in this study are listed in Table 1 (also see Table S1 in the supplemental material).
Clinical specimens. A total of 415 primary clinical specimens received at the Victorian Mycobacterium Reference Laboratory from July 2003 to June 2005 were included in the study. These specimens consisted of 244 swabs (dry or in bacterial transport medium), 159 fresh tissue biopsies, 11 formalin-fixed, paraffin-embedded tissue sections, and 1 bone sample. Swab and fresh tissue specimens were split for DNA extraction and culture following maceration and/or homogenization in a bottle containing glass beads and phosphate-buffered saline. Specimens were cultured in BACTEC 12B bottles and on Brown and Buckle medium (11) and incubated at 31°C for up to 12 weeks.
Environmental samples. Mosquitoes and soil samples were collected from various locations in an area of Victoria where there is currently an outbreak of M. ulcerans infection. Mosquitoes were trapped using overnight mosquito traps baited with carbon dioxide and light and stored at Ϫ70°C. Both wet and dry surface soil samples from drains and soak pits were collected in sterile containers and stored for no more than 5 days at 4°C until DNA extraction was performed.
DNA preparation. Extraction of DNA from mycobacterial cultures was performed as previously described (6) . DNA was extracted directly from swabs and homogenized fresh tissue biopsies by using the Roche AMPLICOR respiratory specimen preparation kit (Roche Diagnostics Co., Indianapolis, IN), followed by a These isolates were originally designated M. marinum because of their growth characteristics, but they have since been shown to produce mycolactone and are now described as "other mycolactone-producing mycobacteria" (18, 32) . (31) and varies from the original protocol described by Ross et al. (23) . PCR products were visualized following electrophoresis through a 2% agarose gel, and subsequent purification was performed using the High Pure PCR product purification kit (Roche), according to the manufacturer's instructions.
DNA sequence analysis. Sequence analysis of purified PCR products was performed using the BigDye Terminator, version 3.1, cycle sequencing kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. Reactions were analyzed on an Applied Biosystems 3730S genetic analyzer (Applied Biosystems). Sequence data were edited using Bionumerics, version 4.0 (Applied Maths BVBA, Ghent, Belgium), and database searches of GenBank were performed using the BLASTN algorithm.
TaqMan real-time PCR. Primers and TaqMan MGB probes (Applied Biosystems) ( Table 2) were selected from regions of the sequences for IS2404, IS2606, and KR present on the plasmid pMUM001 (GenBank accession no. BX649209) by using the Primer Express, version 2.0, software program (Applied Biosystems). Probes IS2404TP and KRTP (Table 2) were labeled with the fluorescent dye 6-carboxyfluorescein (FAM) at the 5Ј end and a nonfluorescent quencher at the 3Ј end (Applied Biosystems). Probe IS2606TP (Table 2) was labeled with the fluorescent dye VIC at the 5Ј end and a nonfluorescent quencher at the 3Ј end (Applied Biosystems). IS2404 real-time PCR mixtures contained 1 l of template DNA, 0.9-M concentrations of each primer, a 0.25 M concentration of the probe, ABsolute QPCR ROX (500 nM) mix (ABgene), and TaqMan exogenous internal positive control (IPC) reagents (Applied Biosystems) in a total volume of 25 l. IS2606 and KR assays were performed as a multiplex assay (without IPC). Amplification and detection were performed with the ABI Prism 7000 sequence detection system (Applied Biosystems) using the following program: 1 cycle of 50°C for 2 min, 1 cycle of 95°C for 15 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. DNA extracts were tested in at least duplicate, and negative controls were included in each assay.
Nested PCR protocol for the amplification of variable-number tandem repeat (VNTR) typing in M. ulcerans (MUVNTR) locus 9 in environmental samples. Previous research has shown that the concentration of M. ulcerans DNA in extracts from environmental samples can be low (24) , so a nested protocol was designed to increase the sensitivity of the PCR for VNTR loci which are present in single copies per genome. MUVNTR locus 9 was chosen in the first instance, as the size and nucleotide sequence of the amplicon were specific for M. ulcerans isolates from Victoria and Africa and were different from those of other Australian strains and other mycolactone-producing bacteria. The first-round PCR used primers MUVNTR9NF (5Ј-ACTGCCCAGACATGGCGA-3Ј) and MUVNTR9NR (5Ј-ACGCGAGGTGGAACAAAGC-3Ј), designed to flank the published VNTR locus 9 primers (2). Amplification was performed in an Eppendorf gradient thermocycler using the following cycling conditions: 1 cycle of 94°C for 2 min, 35 cycles of 94°C for 15 s, 59°C for 30 s, and 72°C for 30 s, and a final elongation of 72°C for 5 min. First-round PCR products were used as templates for a second-round PCR, performed as described by Ablordey et al. (2) . PCR products were visualized on a 2% agarose gel, and sizes were estimated by comparing fragment sizes with a 100-bp DNA ladder (Promega). Products of the expected size were purified and sequenced as described above.
Statistical analyses. Statistical analyses were performed using STATA 8.0 (STATA Corporation, College Station, TX). Median differences in cycle threshold (⌬C T ) values (IS2606-IS2404) were compared using the Mann-Whitney nonparametric test.
RESULTS
Development of real-time PCR assays targeting IS2404, IS2606, and KR. Three TaqMan real-time PCR assays were designed using the Primer Express software package (Applied Biosystems) to detect different regions in the M. ulcerans genome, the insertion sequences IS2404 and IS2606 and the KR domain of the mls genes. These targets were chosen because they were reported to be present in multiple copies in the M. ulcerans genome and are absent in the closely related species Mycobacterium marinum (7, 26) . Primers and probes were selected from the IS2404, IS2606, and KR sequences present on the M. ulcerans virulence plasmid pMUM001 (GenBank accession no. BX649209). There are two distinct sequence types among the KR domains on the plasmid, KR-A (3 copies) and KR-B (15 copies). The primers and probe for the KR real-time assay were selected from the KR-B sequence. Table 2 presents the nucleotide positions of the primers and probes designed, the corresponding amplicon sizes, the putative function of the Table 2) . Sensitivity testing of the IS2404, IS2606, and KR real-time PCR assays. The sensitivities of the IS2404/IPC and the IS2606/KR multiplex assays were tested by performing realtime PCR on dilutions of purified M. ulcerans genomic DNA from strain Agy99 (Table 1) . During validation, the IS2606 and KR assays were evaluated with and without multiplexing. The results indicated that multiplexing the two assays did not reduce the sensitivity (data not shown). The standard curves obtained with 10-fold serially diluted genomic DNA preparations were linear over six orders of magnitude for the IS2404 assay and over five orders of magnitude for both the IS2606 and the KR assays (Fig. 1) . Based on the complete DNA sequence, the predicted mass of a single copy of the M. ulcerans genome is 5.8 fg (27) . Given the actual number of copies of the target in the M. ulcerans genome (Table 2) , the IS2404 assay reliably detected 0.01 genomes, equivalent to two copies of the target. As expected, the IS2606 and KR assays were less sensitive due to the presence of fewer target copies per genome, with a reliable detection limit of 0.1 genomes (equivalent to 9 copies of IS2606 and 1.5 to 3 copies of KR-B). It was noted that the ⌬C T between the IS2606 and IS2404 assays [⌬C T (IS2606-IS2404)] ranged from 2.77 (for 10 4 genomes) to 4.1 (for 0.1 genomes), which was slightly higher than expected based on the 2.3-fold difference in target copy numbers ( Table  2 ). The ⌬C T between the KR and IS2404 assays increased from 1.3 (for 10 4 genomes) to 4.3 (for 0.1 genomes) but was generally less than that for the ⌬C T (IS2606-IS2404), further indicating that the IS2606 assay is less sensitive than the KR assay.
To compare the sensitivity of the IS2404 real-time PCR with the conventional gel-based PCR targeting IS2404 (31), 10-fold dilutions of purified M. ulcerans genomic DNA were tested using both methods. The results indicated that the IS2404 TaqMan real-time PCR is 100 to 1,000 times more sensitive than the conventional single-round gel-based PCR (data not shown).
Specificity testing of IS2404, IS2606, and KR real-time PCR assays. To test the specificity of the assays, we conducted BLASTN searches using the IS2404, IS2606, and KR TaqMan amplicon sequences (Table 2 ) and performed the IS2404/IPC and IS2606/KR multiplex real-time PCRs on purified genomic DNA from (i) a diverse collection of M. ulcerans isolates, (ii) five other recently described mycolactone-producing mycobacteria (MPM), and (iii) 24 non-MPM (Table 1) , including the isolate (ITM 00-1026) previously considered to be a "missing link" between M. ulcerans and M. marinum because it was PCR positive for IS2404 (3) . Three isolates of Mycobacterium lentiflavum were included, as it had previously been reported that IS2606 had been detected in a strain of this species (26) .
BLASTN searches performed using the target sequences failed to identify significant homology with any other sequences in the NCBI databases. PCR amplification of all three targets was achieved for M. ulcerans isolates from all geographic regions tested, demonstrating that the assays are able to detect M. ulcerans strains from different parts of the world where M. ulcerans disease occurs (Table 1 ). All three targets were also detected in the other MPM tested, with the exception of the strain designated M. marinum CC240299, for which IS2606 was not detected ( Table 1) . None of the three targets were detected in any of the 24 non-MPM, including M. lentiflavum (Table 1) , demonstrating the specificity of the assays for MPM. It was noteworthy that the "missing link" strain, M. marinum ITM 00-1026 (3), was not detected by the real-time assay targeting IS2404, despite the fact that a PCR product was FIG. 1. Standard curve generated using a logarithmic scale by the analysis of known amounts of genomic M. ulcerans DNA with the IS2404, IS2606, and KR TaqMan real-time PCR assays. Each 10-fold dilution was performed in quadruplicate, and the means of these replicates were used as data points. One standard deviation on either side of the mean is shown. The regression lines calculated for the data points for the IS2404, IS2606, and KR assays were as follows: y ϭ Ϫ1.1892Ln(x) ϩ 29.156, y ϭ Ϫ1.3043Ln(x) ϩ 32.886, and y ϭ Ϫ1.428Ln(x) ϩ 32.174, respectively. For each assay, the coefficient of correlation was greater than 0.99. Table S1 in the supplemental material).
For the M. ulcerans subsp. ulcerans isolates and the DNA preparations from Victorian patient specimens and spiked environmental samples, the median ⌬C T value was 2.37 (95% confidence interval, 2.17 to 2.79), indicating a similar ratio of IS2404-to-IS2606 copy number, which has been estimated to be 2.3:1 for the sequenced strain Agy99 (27) . However, M. ulcerans strains from China (ST19) and Suriname (ST16), Queensland isolate 20213/91, and the other MPM (ST9, -10, -11, -12, and -14) had consistently higher ⌬C T values (median, 7.60; 95% confidence interval, 6.94 to 8.07), indicating fewer copies of IS2606 relative to IS2404. This difference in ⌬C T values between the subcluster of M. ulcerans isolates with MLST types ST17, ST18, and ST20 and isolates with the other MLST types was statistically significant (P Ͻ 0.001) and represents a valuable means of distinguishing between those M. ulcerans strains causing disease in endotherms (including humans) and other closely related mycobacteria that also harbor IS2404 and IS2606. During that period, we tested a total of 415 primary specimens consisting of 244 swabs (dry or in transport medium), 159 fresh tissue biopsies, 11 paraffin-embedded, fixed-tissue sections and 1 bone specimen. Of these specimens, 410 were from humans (Homo sapiens), 4 were from ringtail possums (Pseudocheirus peregrinus), and 1 specimen was from a koala (Phascolarctos cinereus). Forty-three specimens (10.4%) were PCR positive (22 fresh tissue biopsies, 18 swabs, and 3 paraffin sections). The C T values ranged from 16.01 to 35.52 and averaged 25.83. Of the 40 PCR-positive specimens that were suitable for culture (excluding paraffin-embedded, fixed-tissue sections), 35 were culture positive, indicating that real-time PCR was 12.5% more sensitive than culture. All specimens that were PCR negative were culture negative. More recently, we have been able to detect M. ulcerans DNA in fine-needle aspirates from preulcerative lesions by using the IS2404 real-time PCR assay.
Application of the IS2404, IS2606, and KR real-time assays to the analysis of environmental samples. To determine the ability of the assays to detect M. ulcerans DNA in environmental samples, we first performed the IS2404/IPC and IS2606/KR multiplex PCR assays on DNA extracts from mosquito and soil samples that had been spiked with known numbers of M. ulcerans. This served to test both the inhibitory effects of mosquitoes/soil on the real-time PCR assays and the efficiency of the DNA extraction method (FastDNA kit). The results showed that all three targets were detected in DNA extracted from the sample spiked with approximately 10 organisms, with mean C T values of 35.6 for IS2404, 37.0 for IS260, and 36.8 for KR (Fig. 2) . A single organism per sample with a C T value of 38 to 40 was detected intermittently by using the IS2404 assay; however, the sensitivities of IS2606 and KR assays were insufficient to detect less than 10 organisms. No inhibition was observed (based on the C T values obtained for the IPC [data not shown]). Similar results were obtained with spiked soil samples extracted using the FastDNA SPIN kit for soil, except that for certain soil samples, PCR inhibitors were present in the DNA extracts, necessitating dilution of the extracts up to 10-fold prior to inclusion in the assay.
To test whether the assays could be used to detect M. ulcerans in association with mosquitoes caught in an area where cases of infection were occurring, DNA was extracted from 42 pools of insects trapped in six different locations on the same night. Prior to extraction, mosquitoes were sorted according to species and sex. Pools contained between 1 and 23 mosquitoes. Results indicated that two DNA extracts, from pools of 22 and 23 female Aedes camptorhynchus mosquitoes caught in the same trap, were positive for IS2404, with C T values of 32.4 and 33.0, respectively. These extracts also tested positive for IS2606 and KR, with ⌬C T (IS2606-IS2404) values of 2.7 and 2.8, respectively, suggesting that M. ulcerans DNA was being detected and not DNA from other MPM that we have shown to have higher ⌬C T values (see Table S1 in the supplemental material). All extracts for which IS2404 was not detected were also negative for IS2606 and KR. DNA extracts from soil and an associated earthworm (class Oligochaeta) collected from a nearby drain were also positive for all three targets, with ⌬C T (IS2606-IS2404) values of 3.3 and 2.5, respectively, again suggesting that M. ulcerans DNA was present.
Further evidence that environmental samples contain the outbreak strain of M. ulcerans. To gain further evidence that the strain being detected in environmental samples by our real-time assays is the Victorian M. ulcerans outbreak strain, we developed a nested PCR targeting MUVNTR locus 9. The nested PCR was at least 10-fold more sensitive than the conventional single-round PCR. This locus was chosen, as the size and nucleotide sequence of the amplicon are specific for M. ulcerans isolates from Victoria and Africa and were different from those of other Australian strains and other MPM. The VOL. 73, 2007 REAL-TIME PCR ASSAYS FOR THE DETECTION OF M. ULCERANS 4737 amplification of a PCR product of the expected size was achieved for the DNA extracts from a mosquito pool, soil from a soak pit, and the earthworm. Sequencing of the PCR products confirmed that they were identical to the sequence determined for locus 9 from Victorian M. ulcerans strains which contain repeats A 9 and C 9 (1).
DISCUSSION
The A TaqMan assay targeting IS2404 has been described previously (21); however, the sequence used for the design of this assay (GenBank accession no. AF003002) has been shown subsequently to differ from the IS2404 sequence derived from pMUM001 (GenBank accession no. BX649209) and the complete M. ulcerans genome (27) . It is now known that primer F1 described by Rondini et al. (21) has a single-nucleotide mismatch, and the probe sequence (P1) has a deletion relative to the true sequence of IS2404. Consequently, the assay described in the present study is more sensitive (with a detection limit of 0.01 genome copies compared with 0.2 genome copies) and robust, particularly when applied to DNA extracts derived from clinical and environmental samples, which may contain potential PCR inhibitors. The sensitivity of the assay targeting the KR-B domain was consistent with the expected number of copies of this target, although the IS2606 assay was slightly less sensitive, with a detection limit of 9 copies rather than 1.5 to 3 copies. Reasons for this were not explored as the assay was robust over a range of sample types and always provided consistent results.
The application of the IS2404 real-time PCR to 415 clinical samples demonstrated that it is a rapid, reliable, sensitive, and specific assay for the diagnosis of M. ulcerans infection using a wide range of clinical specimens, including swabs, biopsies (fresh as well as formalin-fixed, paraffin-sectioned tissue), and fine-needle aspirates. Comparison with culture revealed only five discrepant results. For these five PCR-positive, culturenegative specimens, all lesions were clinically consistent with M. ulcerans infection and the patients had epidemiological links with known regions of endemicity. Possible reasons for the failure of culture could include (i) small numbers of organisms in the specimen (the C T values ranged from 23.2 to 33.3, equivalent to approximately 500 and 0.5 genomes per well, respectively), (ii) delay in receiving the specimen for processing, or (iii) prior antibiotic treatment. As well as being 100 to 1,000 times more sensitive than the conventional gelbased IS2404 PCR, the simpler closed-tube format, which avoids post-PCR handling of samples containing high numbers of amplicons, may make it easier to perform and provide quality assurance in more remote locations than gel-based PCR.
In addition to its important role in the diagnosis of M. ulcerans infection in humans and other animals, the IS2404 real-time PCR has a broad range of applications, including the analysis of environmental samples. Since environmental samples often contain complex mixtures of DNA that may generate false positives, we developed the multiplex TaqMan assay targeting IS2606 and the KR-B domain to complement the specificity of the IS2404 PCR. The ability to quantify the amount of M. ulcerans DNA in the sample using real-time PCR enabled the detection of differences in the relative numbers of copies of IS2404, IS2606, and KR in any given sample. The ⌬C T values between the IS2404 and IS2606 assays allowed for the distinction between M. ulcerans subsp. ulcerans isolates FIG. 2. Standard curve generated using a logarithmic scale by the analysis of DNA extracted from pools of 15 Aedes camptorhynchus mosquitoes spiked with known numbers of M. ulcerans organisms with the IS2404, IS2606, and KR TaqMan real-time PCR assays. Each 10-fold dilution was performed in quadruplicate, and the means of these replicates were used as data points. One standard deviation on either side of the mean is shown. (32) . Using these assays, M. ulcerans DNA was detected in mosquitoes and soil, without the need to use sequence capture, which has been relied on previously (24) . The presence of all three targets with the expected ⌬C T (IS2606-IS2404) , together with the demonstration that the size and sequence of VNTR locus 9 were the same as that amplified from the local outbreak strain, confirms that M. ulcerans DNA consistent with that of the same strain was present in these samples. However, the presence of viable bacteria has yet to be confirmed by culture.
The ability to reliably detect M. ulcerans DNA in mosquito samples was an important first step in our study investigating the hypothesis that mosquitoes play a role in the transmission of M. ulcerans infection, which is the subject of another report (P. D. R. Johnson et al., submitted for publication).
The development of this real-time IS2404 PCR assay for the diagnosis of BU has improved laboratory efficiency and reduced the risk of contamination compared with gel-based methods. Furthermore, the development of a suite of assays targeting multiple regions in the M. ulcerans genome has been a major advance for the screening of environmental samples, which can now be analyzed with much greater confidence and with a reduced risk of false positives due to contamination. This major new tool will assist research into the identification of the natural reservoir, the route of infection, and the mechanism of transmission of this increasingly important environmental pathogen.
